A slit diffraction is widely used for express diagnostics of optical vortices (OVs). We propose a version of this method that employs relatively wide slits of the sizes comparable with the thickness of bright ring characterizing the OV-beam under test. Under such conditions the diffracted beam contains two bright lobes that propagate along the directions determined by local normals to the incident-beam wavefront in the slit plane. As a result, observations of the lobes' displacements within the beam cross section provide information on the local wavefront slope and, consequently, on the OV sign and topological charge. The evolution of the lobes' positions during the diffracted beam propagation visualizes a hidden energy circulation in the incident OV-beam and provides a direct and spectacular illustration of the internal energy flows.
Introduction
Light beams bearing optical vortices (OVs) [1] [2] [3] [4] are very interesting objects with rich physical meaning, which has inspired far-reaching reminiscence and analogies from the whole physical world. Their essential property is presence of a circulatory energy flow (a transverse energy circulation effect abbreviated hereafter as TEC) that accompanies longitudinal energy transportation usual for light fields. The TEC is coupled with another characteristic feature, a phase singularity, which manifests itself as a spatial point with zero field amplitude, in the vicinity of which the beam wavefront possesses a screw-like shape. These features are associated with accompanying mechanical properties, especially a nonzero orbital angular momentum of the beam with respect to the propagation axis. The unique OV properties have been employed in many applications, e.g. in micromanipulation techniques or information processing [5, 6] . However, maybe, a more important fact is that a specific pattern of the energy flow in the OVs makes them suitable model objects while studying the internal energy flows in the light fields [7] .
Most immediately, specific physical properties of the OVs can be observed in the effects that accompany OV-beam propagation in the presence of some obstacles, in particular, the diffractions at an edge [8] [9] [10] [11] [12] [13] [14] [15] [16] , a slit [11, 15] , or a strip [16, 17] . These effects are employed in numerous applications aimed at detecting and diagnosing the OVs [16] [17] [18] [19] , as well as in the sub-wavelength optical metrology [20, 21] . The matter is that a peculiar pattern of the internal energy flows, usually hidden in the OV-beams with circularly-symmetric structures, becomes immediately visible due to the diffraction processes and can thus be efficiently detected and measured. There are a number of ingenious propositions on how the diffraction patterns can be utilized for the OV-beams diagnostic and characterization [15] [16] [17] [18] [19] . In this article, we describe a version of a slitdiffraction approach whose distinctive feature is immediate appeal to the internal energy circulation, which represents its physical background in an impressive and transparent form.
Experiment
We use a traditional scheme for obtaining the OV-beams [2, 3, 22] . Omitting details of the routine, the OV is generated by transmitting a Gaussian beam produced by a He-Ne laser (the wavelength  = 0.6328 m  ) through a 'fork' hologram with its central groove split into three branches. Such a hologram produces a series of diffracted beams carrying OVs with the topological charges m = 2, 4, 6, … [22] . To be specific, below we describe the results obtained with the first-and second-order diffracted beams carrying circularly symmetric OVs with m = 2 and m = 4. After spatial isolation of a chosen beam, it is directed onto a non-transparent screen with a vertical slit-like outlet. The intensity profiles for the selected beams in the screen plane are presented in Fig. 1a . As usual, they contain axial amplitude zeros and bright rings which, in our situation, have the diameters d = 1.5 mm (for m = 2) and d = 1.8 mm (for m = 4). In contrast to the usual slit-diffraction schemes [17] , the slit width is comparable with the width of the bright ring of the OV-beams and amounts to 0.5 mm (see Fig. 1b ). The beams and the slit are adjusted so as the central line of the slit crosses the beam axis; the beam axis is identified with the axis z of the laboratory coordinate system. The beams freely propagate after passing the screen, and the diffraction patterns are detected at several distances z = z i from the screen by means of a CCD camera (the sensing area 43 mm 2 and the resolution 704×576 pixels) and analyzed with a PC. The corresponding intensity distributions are illustrated in Fig. 2 .
The images presented show usual diffraction fringes. Their shapes and orientations can serve while detecting the sign and the strength of the incident OV [17] [18] [19] . Since now the fringes are not of our main interest, instead we focus on a visible evolution of the two main intensity maxima formed after the slit (see Fig. 1b ). One can easily see from lobe pattern distinctly 'brings to light' the TEC of the incident OV-beam (cf. Fig. 1a ). In full agreement with the internal energy circulation, the upper lobe moves to the right and the lower one to the left, thus performing a circulatory motion in accordance with the 'initial' transverse momentum 'acquired' by the lobes from the TEC of the incident beam. Simultaneously, vertical displacements of the lobes are seen which reflect an off-centre energy spreading due to the beam divergence. To attribute a quantitative sense to these qualitative observations, we consider more thoroughly the characteristics of the beam-spot patterns for different distances z i in a single plot. Fig. 3 represents the behaviour of the diffracted beam with a 2-charged OV (this corresponds to the first row of images in Fig. 2 ). Current positions of the upper and lower bright lobes seen in Fig. 2 
with   , , i I x y z being the transverse intensity distribution measured in the cross section z = z i (i = 1, 2, 3). Fig. 3 demonstrates, in a spectacular manner, how the beam energy is redistributed during the free propagation. Here the displacements of the CG (denoted with black asterisks) agree with a qualitatively visible overall energy motion (see arrows). In further consideration, we discard the vertical displacements associated with a usual beam divergence and concentrate on the horizontal components which are more important for OV diagnostics, because these components immediately testify for a TEC present in the incident OV-beam.
To decrease the harmful influence of random illumination noise and possible inaccuracies in recording the beam axis, it would be suitable to characterize the horizontal CG displacements by the relevant mean values:
The results are collected in Table 1 and Fig. 4 . A similar analysis has been performed for the beam with the 4-charged OV (see second row of images in Fig. 2) . The corresponding data are also presented in Table 1 and Fig. 4 . Table 1 . CG positions of the lobes for propagating diffracted beams, and derivation of wavefront parameters of the incident-beam.
Parameters of the incident OV (see Fig. 1) x C1 , mm
x C2 , mm The data displayed in Fig. 4 shows that the transverse displacements of the lobes increase linearly with increasing propagation distance, i.e. the CG trajectory for each lobe is a straight line. This agrees with the known geometric features of the CG trajectories for a free-propagating beam [23] and supports the idea that the separate lobes of the diffracted beams propagate almost independently. For the beam with the higher-order OV (m = 4), the displacements are, on the ,
x, pixels average, twice larger than those peculiar for the lower-order one (m = 2), which is quite expected because of the higher OV strength. Such behaviour can be interpreted in view of the fact that in scalar beams, the light energy propagates along the wavefront normals [7] . Actually, the slit 'cuts' a certain area within the incident-beam cross section, and the transmitted energy 'contained' within this area propagates along the local wavefront normal. Therefore, the angular deviation of the lobe's trajectory determined as a mean value of the ratio Ci i x z (see the fifth column in Table 1 ) can be a measure of local azimuthal slope of the incident-beam wavefront. Based on a helical wavefront shape for circularly symmetric OVs (see Fig. 5 ), one can compare this result with what is expected from the usual OV model. On round-tripping near the mcharged OV core, the phase increment is equal to m [1] [2] [3] and the round-trip length along the bright ring amounts to d  (see Fig. 1a ). Then the azimuthal wavefront slope is given by
The corresponding values of the angle  obtained for the OV-beams under consideration are presented in the sixth column of Table 1 . Their accordance with the measured angular deviations of the diffracted-beam lobes (see the fifth column of Table 1 ) looks quite satisfactory, especially in view of a simplicity of experimental technique employed and a non-ideal OV structure of the incident beam (cf. Fig. 1a ). 
Conclusions
In this work we have described a new approach to diagnosing the wavefronts of OV-beams, which is based on the slit-diffraction. Unlike the earlier diffraction techniques, the procedure suggested here involves observations of the diffracted beam evolution rather than the diffraction-fringe shape and bending. In fact, our method may be considered as an extremely simplified version of a known Shack-Hartmann method for wavefront sensing [7, 24] where the beam transverse section is fractionated into a number of 'beamlets' that propagate independently in the directions determined by the local wavefront normals. In the present case, the two 'beamlets' are formed by joint action of the slit and a ring-like structure of the incident beam, which makes the method remarkably simple and easy-to-implement. In its present form, our method is rather specialized, being adapted predominantly to circularly symmetric OV-beams. However, when supplemented with the means for real-time beam positioning and orienting, it can be generalized and applied to more complicated OV-beams, e.g. anisotropic and deformed ones. Nevertheless, even in its simplest version, our method proves to be useful for approximate express diagnostics of the usual OV-beams. Moreover, it can be helpful in the practice of physical education since provides demonstration of the internal energy flow and its vortex character in a rather immediate and impressive manner.
